Thermal-induced conformational changes and protein-protein interactions of bovine serum albumin (BSA) in aqueous solution are assessed by small angle X-ray scattering (SAXS) at two pH values (7.4 and 9.0) and two ionic strengths (0.1 and 0.5). We demonstrate that Guinier analysis in two ranges of the modulus of the scattering vector allows protein melting and aggregation to be monitored simultaneously, thus providing insights into the mechanism of thermal-induced BSA aggregation. Results of the analysis suggest that at room temperature monomeric and dimeric BSA fractions are present in solution. For low concentrations (o10 mg mL
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Introduction
Protein aggregation is a general phenomenon, which is of fundamental importance for the proper functioning of living systems and also because of the possible toxicity of aggregates. 1 Hence, understanding of the physical mechanisms underlying intermolecular interactions in protein solutions under varying conditions is crucial for the prediction of a system's behavior and stability. Globular proteins in their native state are mainly densely packed and charged to avoid unwanted non-specific aggregation, which is possible especially in a crowded environment of cell, where the molecules' concentration could be as high as B200 mg mL À1 and bimolecular interaction rates are considerable. However, destabilization of protein structure may lead to conformational changes which facilitate aggregation: for instance, amyloid fibrils are known to form from a variety of proteins under certain conditions. 1, 2 In general, protein aggregation is the interplay between electrostatic, specific and hydrophobic interactions, whose impact is dependent on protein conformation and microenvironment. In the native state, non-polar side chains of a protein molecule reside in its interior, and the buried protein groups form hydrogen bonds. 3 Upon misfolding, hydrophobic domain exposure may give rise to non-specific interactions between molecules, thus triggering aggregation. On the other hand, the role of water molecules in the proteins' hydration shell could be crucial for their interaction, namely, the overall protein hydrophobicity defined by its hydration free energy was shown to be the predominant determinant of protein aggregation propensity in aqueous solution. 4, 5 In this context, the influence of temperature on protein molecules' folding and their interaction may serve as a model system to obtain physical insights into the mechanisms which underlie protein aggregation. From the physical point of view, a rise in temperature results in hydrogen bond weakening and strengthening of hydrophobic interactions, 6 and also in a significant alteration of diffusion and accessibility of protein side-chains. 7 Temperature-induced aggregation is observed for all proteins in their native state: at a certain temperature protein globules start to melt, and the association of unfolded intermediates becomes energetically favorable. Kinetic and energetic aspects of this process, as well as the corresponding structural transitions, are widely investigated using numerous techniques, 8 including small angle X-ray and neutron scattering (SAXS and SANS, respectively), which provide information on the structure and interactions of proteins in solution. Moreover, X-ray scattering allows for the investigation of the changes in the protein hydration shell, thus elucidating the role of water in macromolecule interaction. [9] [10] [11] SAXS has been successfully applied to obtain insights into the mechanisms of protein interaction as a function of different environmental parameters that modulate the electrostatic interactions (pH, ionic strength) 10, 12, 13 as well as protein concentration [14] [15] [16] and denaturing agents. 17 A simultaneous best fit of many SAXS curves measured under different conditions allows the intermolecular forces to be assessed in the framework of the two-Yukawa approximation. 18 The SAXS technique also allows the monitoring of equilibrium clusters of proteins in solution, nucleation processes and intermediate states such as molten globules, which are characterized by an unaltered secondary structure together with an extended volume compared to the one of native conformation. [19] [20] [21] [22] [23] Together, these capabilities of SAXS make it a valuable tool for investigating protein interaction processes that involve conformational rearrangements, cluster formation and fibril formation. 24, 25 In this paper, we aimed to investigate the thermal aggregation of a model globular protein, bovine serum albumin (BSA), which is one of the most studied globular proteins. [26] [27] [28] [29] Namely, the change in the oligomeric state of BSA was followed below and above its melting temperature, and the focus was set as the assessment of the role of interaction potentials during protein heating using SAXS.
The aggregation of human and bovine serum albumins (HSA and BSA) has been extensively studied in the literature: it has been shown numerous times that elevated temperature, changes of ionic strength and pH, and the presence of external agents may cause albumin conformational changes, 14, [30] [31] [32] leading to the exposure of polypeptide chain segments inaccessible in the native state, which may cause the loss of ligand binding properties and protein aggregation. It has been shown that oxidation, glycation and temperature-induced aggregation at low pH 25, [33] [34] [35] [36] may lead albumin to form fibril-like structures, which could be toxic for humans. A study of the changes in the HSA and BSA secondary structures using circular dichroism and IR spectroscopy demonstrated a decrease in the content of a-structures and a consequent increase in the b-structures and unfolded loops [36] [37] [38] above the melting temperature (T M = 62 1C). Moreover, Mitra et al. 38 observed two regimes of albumin's transitions following heating. First, upon heating up to 50 1C, a decrease in the content of a-spirals and protein hydration was observed with no increase in the protein hydrodynamic radius as seen via DLS -these processes were reversible on the subsequent cooling of the solution. Second, at temperatures above T M an irreversible increase of b-sheets, hydrodynamic radius and hydration was detected. These two regimes were suggested to be due to a consequent unfolding of the IIIA and IIA domains in HSA, respectively. Also, reversible temperature-induced transitions in albumin prior to T M were observed using differential scanning calorimetry. 39 Upon incubation at temperatures above the T M at pH 7.4, globular aggregates with a B20 nm diameter were reported to appear at the initial stage of aggregation (o1 hour), [36] [37] [38] while prolonged heating results in a sequence of morphological transitions to rod-like structures, protofibrils and, finally, b-sheet rich mature fibrils, as observed by electron microscopy. 37, 40 The role of the cysteine (Cys-34) residue containing a free -SH group in the formation of albumin aggregates has also been shown, 41, 42 including protein dimerization.
This work was inspired by the study of L. R. S. Barbosa et al.
12
on the intermolecular interactions of BSA molecules in aqueous solution at different values of pH and protein concentration by the SAXS technique. We used a similar approach for the estimation of protein-protein interaction potentials, which works well for the case of moderately charged colloidal solutions. We have studied temperature-induced conformational changes and intermolecular interactions of BSA molecules in aqueous solution under different environmental conditions (pH, ionic strength), which modulate the electrostatic interactions in solution, focusing on the interaction potentials between macromolecules both below and above the T M . Using SAXS, we have been able to estimate protein shape alterations at high temperatures and intermolecular interaction potentials responsible for protein aggregation, both in the transition temperature range (in the vicinity of the melting point) and at lower temperatures, where no dramatic conformational changes could be expected. Special attention has been paid to the presence of low-order oligomeric species, 43 which are frequently omitted when studying albumin
properties (e.g. ligand binding) and their temperature behavior.
Materials
Bovine serum albumin (BSA) (99% purity) was purchased from Sigma (Germany). Other chemicals were of reagent grade. BSA solutions of 10, 20 and 40 mg mL À1 were prepared in 50 mM
Tris-HCl buffer at pH 7.4 and 9.0. The ionic strength of the solutions was fixed to 0.1 or 0.5 M by adding NaCl. SAXS measurements were performed in the temperature range from 25 1C up to 70 1C. Size exclusion chromatography (SEC) and zeta potential measurements were performed at ambient temperature (25 AE 2 1C) (results are shown in the ESI †). The pH value of all solutions was measured using an Aquilon pH meter (Russia). Each measurement was performed only when the pH value of the suspension reached equilibrium. Hereafter we will use the following notation for the investigated samples: pH 7.4, I = 0.5 is solution A, pH 7.4, I = 0.1 is solution B and pH 9.0, I = 0.1 is solution C.
Methods
Small angle X-ray scattering
In a SAXS experiment a monochromatic beam of X-rays is scattered after the interactions with the electrons of the samples. The scattered intensity, recorded as a function of the scattering vector q with modulus q = (4p/l)sin y, with 2y being the scattering angle and l the X-ray wavelength, provides information about the fluctuations of electronic densities in heterogeneous matter. For a solution of monodispersed and randomly oriented proteins, considered as particles with homogeneous electron density, the dependence of the scattering intensity on q is described by the well-known formula:
where k is the protein number density, Dr is the difference between protein and solvent electron density and V p is the volume of protein. P(q) is the form factor of the protein (defined as the orientational average of the modulus square of the scattering amplitude), which describes the interference among scattering points within the same particle. S(q) is the particleparticle structure factor, connected with interference effects among different particles.
Determination of gyration radii
At low q, the form factor can be approximated by the Guinier law,
where R g is the radius of gyration of monodisperse particles, which is representative of their size. This approximation is considered valid for qR g r 1-1.3, 44 corresponding to a linear region of the so-called Guinier plot (log I(q) vs. q 2 ). The determination of R g can also be performed on the basis of the whole q-range of the scattering curve through the distance distribution function P(r), which gives the probability of finding two points at distance r within the particle. The so-called ''real space'' R g 2 can be calculated by integrating the product r 
Generalized Guinier-Porod model
An initial analysis of the gyration radius (R g ) and the Porod exponent (d) was performed using the best fit of the SAXS curve in the full q range through the generalized Guinier-Porod model, 46 according to which the total scattered intensity is represented as a combination of two functions:
where
, d is a Porod exponent and s is the parameter that gives information about the nonsphericity of particles in solution. 
Pair-distance distribution function
The structure factor for infinitely diluted protein solutions in (1) is equal to unity, allowing isolation of the form factor, and, hence, investigation of the shape of the protein. The zero concentration extrapolation, which can be performed on the basis of several SAXS curves recorded at different protein concentrations, eliminates any concentration effects. The extrapolated curve allows the pair-distance distribution function P(r) to be obtained by using the direct Fourier transform:
By analyzing the P(r) function and using a priori information about the shape of the protein monomers it is possible to determine approximate fractions of monomers and dimers in solution, as well as the type of binding between monomers. 45 Form factor and structure factor
When a protein solution is monomeric and monodisperse and atomic coordinates of the protein monomer in solution are known, the protein form factor P(q) can be easily calculated from a pdb file in the whole range of the modulus q of the scattering vector also considering the contribution of the first solvation layer, where water molecules show, in general, a mass density higher than the one of bulk water molecules. 10, 12, [47] [48] [49] However, if by varying the solution conditions (including temperature) the monomers can associate to form dimers or other oligomers, whose corresponding atomic coordinates are not available, the average form factor of the scattering particles can be approximated by simpler geometrical shapes.
In the present case, we have expressed P(q) with the core-shell tri-axial ellipsoid model, 14, 47 with the core representing protein atoms and the shell of fixed thickness representing coating with hydration water molecules. In order to describe the average particle-particle structure factor S(q) of a system formed by oligomers, the average pair interaction potential energy can be expressed as a combination of a hard sphere potential and two Yukawian potentials, the latter representing a long-range electrostatic repulsion term and a short-range attraction term. The first term can be viewed as a potential barrier that must be overcome to make the impact of the attractive term dominant. We can increase or decrease the energy barrier by changing the ionic strength or the pH or by adding surfactants to affect the net charge of the protein. Thus, the overall interaction potential consists of three terms:
where U HS (r), U C (r) and U A (r) are the hard-sphere potential, the screened Coulomb repulsive potential and the attractive potential, respectively. U HS (r) is equal to infinity if r is less than the average particle diameter d p and equal to zero in all other cases:
The screened Coulomb potential U C (r) is given by
where Z is the net charge (in units of elementary charge e)
where k À1 is the Debye-Hückel screening length, which depends on the solution ionic strength I, k B T is the thermal energy scale at absolute temperature T, and e and e 0 are the relative dielectric permittivity of the solution and the vacuum dielectric permittivity, respectively. The last term is the attractive potential U A (r), presented in the form of the Yukawian-like attractive potential as described in ref. 16 :
where J is the potential depth at contact (r = d p ) and d is the range of the attractive potential. Calculation of S(q) from the potential U(r) requires the solution of the Ornstein-Zernike (OZ) equation under a certain closure. 51 In the Random-Phase Approximation method (RPA) one must choose a reference system and all other interactions are treated as a perturbation. 47 The structure factor S(q) takes the form
where S 0 (q) is the structure factor of the reference system, U C (q) and U A (q) are the Fourier transforms of U C (r) and U A (r), respectively, k is the particle number density and b = (k B T) À1 .
Experimental conditions
SAXS measurements were performed at the DICSY beamline 52 at the Kurchatov synchrotron radiation (SR) source, Kurchatov Institute, Moscow, Russia. The optical scheme of the beamline mostly consists of home-made instruments except for the detector. It includes three pairs of beam defining slits, the single-crystal monochromator (l = 1.6 Å), the X-ray focusing mirror and the area detector Pilatus3 1 M (Fig. S2, see ESI †) .
The sample-to-detector distance can vary in the range from 0 to 2.4 m. We used a sample-to-detector distance of 0.5 m and an exposure time of 3 min in order to obtain optimal balance between photon statistics and time resolution. Thus, the accessible q range was 0.2-4.2 nm À1 . The q calibration refinement was performed before every measurement by using a silver behenate sample. In order to compare SAXS curves of different samples it is crucial to calibrate their intensity according to the intensity of the incident SR beam, which changes significantly on the Kurchatov SR source during a single day. For this purpose, we multiplied each curve by the value of the current in the storage ring at the moment of the measurement. The current is linearly proportional to the intensity of the incident beam, as was previously verified by FMB Oxford ionization chamber measurements.
We heated each solution from 25 to 70 1C with a 5 1C step and allowed the samples to equilibrate for 10 min at each step. Three frames for each temperature were taken. We checked the impact of protein radiation damage for each measurement by comparing the scattering curves from three frame series. No changes were observed for all temperatures below 65 1C. In order to verify the results, we made one hour measurements at fixed temperature. The radiation damage effect was negligible (see Fig. S3 , ESI †).
Computational methods
The geometry refinement and integration of 2D frames were performed by the Fit2D software. 53 Infinite dilution approximation of SAXS curves, construction of pair-distance distribution functions P(r), and estimation of Guinier radii R g and intensity I(0) were performed using the ATSAS package. 54 The parameters of protein shapes and interaction potentials between proteins were evaluated by the Genfit software. 55 This software allows batches of SAXS curves to be fitted simultaneously by using common fitting parameters, including form and structure factors. We used the core-shell tri-axial ellipsoid form factor with the starting values of semi-axes as large as 17 Â 42 Â 42 Å 14 left to vary in a relatively wide range and a hydration water shell thickness fixed to 3 Å. 9, 11 The quality of this form factor (calculated with the starting values of the semi-axes) can be evaluated in Fig. S4 (ESI †), where it is compared with the form factor of the BSA monomer calculated via the crystallographic data taken from the Protein Data Base (pdb) (file code 3v03, chain A). The agreement is quite good only up to an intermediate q value of 1.5 nm
À1
. However, since the main focus of this work is to estimate the parameters of the interaction potentials, we have considered the approximated description of the form factors provided by the core-shell tri-axial ellipsoid form factor model to be sufficiently good. The parameters related to the protein-protein interaction potentials were found within the two-Yukawa model and the structure factor is calculated under the random phase approximation.
Results

Gyration radii estimation
Upon heating, protein monomers tend to aggregate, giving rise to an increase in the heterogeneity of the size distribution. The following approaches have been used to determine the average gyration radius in the presence of both monomeric and oligomeric fractions. The impact of each component on the scattering curve can be described separately, if the particle size distribution is heterogeneous but the Guinier approximation is still valid for all individual particles. 44 Under this assumption, the average squared gyration radius hR g 2 i, which can be determined using the Guinier law, is related to the gyration radius R gk of any k-th component by
where p k and n k are the proportion of this type and the number of electrons contained in the particle of the k-th type, respectively. Upon heating, the average squared gyration radius hR g 2 i will increase, due to the unfolding of protein monomers and the formation of higher order oligomers. The presence of aggregates can also be estimated by the extrapolated scattering intensity at q = 0, I(0), which is directly proportional to the average aggregation number hn k i of particles in solution,
where c is the protein concentration, N A is Avogadro's number, and V 1 and M 1 are the molecular volume and the molecular weight of the protein monomer, respectively. For example, for an ideal solution of dimers the value of I(0) is twice as large as that of the one corresponding to the full dissociation of dimers into monomers. When the fractions of monomers and certain oligomers (ex.gr dimers) in solution are both large enough, the average gyration radii of each fraction might be monitored separately using the slope of the Guinier plot in two neighboring ranges of q. 44, 56 The Guinier approximation, as was mentioned above, is valid in the small q-range, where qR g does not greatly exceed 1.
To be more specific, deviation from the Guinier equation (in %) is given by the following equation:
where m = D max /R g E 3.3 for the BSA monomer. As is seen from (13), the deviation reaches 20% at q max R g = 1.74, where the Guinier plot for BSA has a part corresponding to the monomeric fraction. It is worth noting that n E 30% is a limitation of the Guinier approximation application. Another important point to emphasize is the role of structure factor in R g evaluation, which is negligible for the monomeric part of the curve, but could have a noticeable impact (about 15% for the highest concentration of solution C) on the oligomeric state. This evaluation was performed by dividing R g in the dilute solution (R g = 2.8 nm) by R g of the solution with the highest concentration c = 40 mg mL À1 (R g = 2.5 nm) at room temperature, where the solutions are assumed to be monodisperse. All the above-mentioned considerations support the applicability of the evaluation of separated R g for BSA monomers in the q-region around 1.7 nm À1 and the averaged ''aggregate'' fraction in the smallest accessible q-range (we distinguish them below as R monomer g and R aggreg g
). The SAXS curves of BSA solutions at different values of protein concentration, pH and ionic strength recorded at 25 1C are presented in Fig. 1 . The curves are normalized to the protein concentration. It can be clearly seen that with the increase of protein concentration the normalized intensity at low q values (q o 0.6 nm À1 ) decreases, which is in good agreement with Barbosa et al. 12 It is worth noting that the structure factor at q = 0 is equal to the normalized osmotic compressibility: 58, 59 when the repulsive interaction between proteins dominates, the particles are evenly distributed and the structure factor S(0) is lower than 1. On the other hand, when attractive interactions dominate, fluctuations in the particle distribution are observed leading to a S(0) value larger than 1. The isoelectric point of BSA is reported at pH 4.7 60 and the protein charge at pH 7.4 and 9.0 is negative. To illustrate the considerations given above, we provide the plots of structure factors for different conditions of solution (pH, ionic strength and concentrations) in the ESI † (Fig. S4) , calculated using RPA and the two-Yukawa potential model. Used parameters of potentials were obtained from the global fitting of SAXS curves (see details below) for all solutions under study at room temperature. Fig. 1 shows raw SAXS curves for room temperature, the same curves for higher temperatures can be found in the ESI, † Fig. S5 . Assuming that changes of the protein shape with concentration (at pH and ionic strength under study) can be neglected, 12 the decrease of intensity at low q can be attributed to the increase of repulsive Coulombian force between proteins.
The ratio of intensities at q = 0.2 nm À1 for c = 40 mg mL ). Gyration radii as well as all other parameters of the calculations (like I(0) fit, Porod volume and value of D max ) for all data can be found in the ESI † (Tables S1-S3). It is worth nothing that all calculated values of R g (especially R aggreg g at high concentrations) are influenced by the structure factor, thus Fig. 2 shows mostly relative changes of the protein sizes rather than physically meaningful values of gyration radii. In the infinite dilution approximation it is assumed that the inter-particle interference is linearly dependent on protein concentration. Therefore, the SAXS curve at zero concentration can be simply extrapolated. The decrease of protein concentration from 40 mg mL À1 to 10 mg mL À1 leads to the growth of the oligomeric fraction.
Consequently, the case of infinite dilution ( Fig. 2A) for protein aggregates calculated using the Guinier plot was close to the R real g value obtained from the P(r) distribution, which indicates that the contribution of oligomeric particles was considerable at all temperatures. Moreover, it can be seen from Fig. 2 that the R aggreg g increases gradually with temperature: for instance, at 50 1C, which is significantly below the melting temperature, a pronounced increase in R aggreg g can be observed. This means that intermolecular interactions take place even at low temperature before protein denaturation, probably due to partial destabilization of the protein structure. The same trend was observed for solutions A and C (see Fig. S6 and S7 in the ESI †). To further investigate this phenomenon, we performed a detailed analysis of P(r) evolution with temperature.
Pair-distance distribution function: assessment of BSA dimerization
Protein aggregation and conformational changes can be readily assessed from the P(r) distribution function. 43, 45 Fig. 3 shows the infinite dilution P(r) functions for BSA solutions at different temperatures. Apart from the main peak centered at approx. 3.5 nm, an additional peak centered at r = 7 nm can be observed for all the studied solutions (Fig. S8 , ESI †). Being visible even at low temperature, the height of this peak increases with temperature. At the highest temperatures (65 and 70 1C) the P(r) distribution becomes dramatically broadened.
Based on the literature data, we propose the following interpretation of the observed changes in P(r). Firstly, the major peak at ca. 3.5 nm corresponds to the average radius of protein monomers reported for BSA. 62 Secondly, the neighboring peak, according to the results of ref. 43 , can be attributed to BSA dimers. Experiments performed with the use of analytical sizeexclusion chromatography (SEC) on the same samples also support this hypothesis (see Fig. S9 , ESI †). For solution A at room temperature (RT) the third peak is observed, which could be related to BSA trimers. Finally, the peaks centered at r 4 15 nm, as well as the broad peaks observed at the highest temperatures, are likely to be originated from higher order BSA aggregates. As can be seen in Fig. 3 , the impact of the second peak, which we ascribe to the presence of dimers, increases in the following sequence: solution A 4 solution B 4 solution C. In order to quantitatively assess the fraction of dimers in solution, we performed the decomposition of the P(r) distribution into two Gaussian peaks under the assumption of the predominance of monomeric fraction. The Gaussian distribution which can be associated with the P(r) function for a spheroid was chosen due to high enough similarity of its shape with the shape of P(r) for the (17 Â 42 Â 42 Å) oblate ellipsoid. It is worthwhile to notice that the decomposition on Gaussian distribution peaks gives the opportunity to simplify the interpretation of experimental data. To this aim, we have introduced the monomer to dimer ratio (MDR) parameter determined as the ratio of amplitudes of P(r) peaks corresponding to monomers and dimers. For solution B the MDR value is close to 6, close to the value we obtained independently in the SEC experiment (Fig. S9, ESI †) .
Guinier-Porod fitting of SAXS curves: assessment of higher order aggregates
To assess the parameters of higher order aggregates (description can be found in the section ''Generalized Guinier-Porod model''), which are formed at temperatures exceeding the melting temperature where the P(r) distributions become broad and unstructured (Fig. 3) , SAXS curves were approximated using the Guinier-Porod model (eqn (3) and (4)). the corresponding fits to the Guinier-Porod model and the temperature dependence of the best fit model parameters. The appearance of BSA aggregates at high temperature is reflected in a predominance of the Porod term (eqn (4)) with respect to the Guinier term (eqn (3)). Indeed, the radius of gyration of these aggregates is not detectable in the accessible q-range, being larger than 2p/q min , where q min is the lowest detectable value for the experimental setup. In detail, the region with Q 1 o 0.4 nm À1 on SAXS curves lies near the beamstop and could not be used for the determination of R g . Hence, at temperatures greater than 60 1C only the Porod region is detectable with our setup. The dependence of Q 1 on temperature is presented in Fig. S10 (ESI †) . A gradual increase of the parameter s from 0 towards 2 corresponds to the formation of elongated aggregates that tend to be in the form of platelets. The observed trend can be explained by the formation of linear dimers up to 55 1C and then by the formation of burst-like higher-order aggregates. Although at high temperature the Guinier-Porod model fits the data reasonably well, it should be noticed that at s B 3 there is a singularity in the Guinier part of the formula (eqn (3) and (4)) so that the use of this model should be considered with a certain caution. However, this approach seems to be reasonable for monitoring the dynamics of protein cluster formation and changes in their shapes.
Assessment of the interaction potential parameters
To obtain a more detailed understanding of the temperatureinduced BSA aggregation, SAXS curves were fitted with the product of the form factor of core-shell tri-axial ellipsoids and the structure factor of the two-Yukawa potential under RPA, 16, 47 a model available in the Genfit software. 55 The best fit curves are in good agreement with experimental data at low q values; an example of the fitting curve from solution B with a protein concentration of 20 mg mL À1 at RT can be seen in Fig. 5 .
The protein effective diameter d p was taken from ref. 12 and varied within a narrow range (60 o d p o 70 Å) . The absolute value of the net protein charge |Z| was calculated for each pH and taken as 13e for pH 7.4 and 26e for pH 9.0. The range of the attractive potential d was considered to be about 10% of d p as proposed by Ortore et al. 63 The relative dielectric constant e was taken as 78.0. Temperature, protein concentration and ionic strength were fixed for each calculation. The attractive potential depth J and three axes of the ellipsoid were the fitting parameters that were allowed to vary in a wide range. Results obtained for pH 7.4 and I = 0.1 are shown in Table 1 (for other  pH values and ionic strengths see Tables S3 and S4 in the ESI †). No significant changes in molecule shape were observed during heating up to 60 1C for all concentrations whereas the attractive potential depth J increased gradually. After 60 1C, a rapid increase in ellipsoid size and in the attractive potential depth value occurred, presumably due to the presence of higher oligomers in the solution.
Discussion
Albumin is the most abundant protein in blood plasma, where the concentration of the surrounding protein molecules View Article Online is B100 mg mL
À1
. The conformational stability of albumin is the governing factor, which prevents non-specific oligomer formation. However, under an external influence, albumin's structure could be disrupted, leading to aggregation, and, from the physical point of view, this could be described by the interplay between the interaction potentials (electrostatic and hydrophobic) in solution. This work was aimed at the assessment of intermolecular interactions in solutions of albumin at various parameters (pH, ionic strength and temperature) which influence the electrostatic potentials between molecules, as well as their hydration state, to obtain a consistent picture of processes underlying albumin oligomer formation. For this purpose, the SAXS technique was applied.
By using independent procedures for the processing of SAXS curves, we were able to elucidate the mechanism of temperature-induced BSA aggregation. The MDR values for different concentrations of protein can be evaluated by the analysis of the shape of the P(r) functions, constructed from I(q)/S(q) curves, where S(q) was built on the basis of DLVO potentials, which were obtained from the global fitting analysis (Fig. S12 , ESI †). The P(r) shape is broadened at low protein concentrations, which indicates the increase of MDR with the growth of concentration, probably due to the increase of protein-protein repulsive interactions. Besides, the analysis of P(r) distribution at zero concentration approximation allowed us to observe the following trends. At 25 1C the P(r) exhibits the presence of monomeric and dimeric fractions. At low ionic strength (solution B), the MDR is close to 6, confirming the result obtained in SEC experiments. At high ionic strength (solution A), the MDR is close to 4, whereas at low ionic strength and high pH (solution C) the MDR was the highest. The expected electrostatic repulsion between protein species in the investigated solutions, which varied in the sequence A o B o C, correlated with the obtained trend of MDRs, suggesting that at 25 1C BSA dimer formation is predominantly electrostatically driven. Also we observed that MDR showed an increase with protein concentration, suggesting that the interaction between protein molecules in the native state at high concentration results in a decrease of the dimeric fraction, probably due to an increase in the overall repulsion between molecules.
The presence of low order oligomeric fractions in BSA preparations is well-known in the literature, 64, 65 though it is almost completely neglected in papers dealing with spectroscopic investigations, e.g. when assessing ligand binding affinities. The influence of BSA dimers on SAXS/SANS data has been discussed in the literature; 10 moreover, using the SEC-SAXS technique allowed
Jeffries et al. to obtain monodisperse macromolecular samples and to measure individual SAXS curves for monomers and dimers of BSA. 66 Importantly, the SEC profiles and MDR obtained in ref. 66 are in excellent agreement with the values obtained for BSA at pH 7.4, I = 0.1 M in this work (see Fig. 6A and Fig. S10 , ESI †). Heating of the protein solution could result in changes of both protein conformation and hydration, 67 thus leading to alterations in the oligomeric state. At elevated temperatures and prior to protein melting, the MDRs start to decrease, indicating the formation of dimers (Fig. 3) . The P(r) analysis indicates that dimers would have linear organization, as inferred from the doubling of D max (maximum distance in P(r)) ( Fig. S9 and S13, ESI †). The Guinier-Porod model also indicates the appearance of elongated particles at elevated temperatures (Fig. 4) , confirming the presence of linear BSA dimers at low temperatures. This is in agreement with the results of ref. 66 , where the shape of the BSA dimer was obtained from the SEC-SAXS measurements. For all temperatures below the melting point, the increase of R real g was strongly correlated with the growth of I(0), indicating that the change of R real g was connected only with the dimer and not with a change of the monomers' shape. The almost constant slope of the second region in the Guinier plots with temperature ( Fig. 1 ) also confirms the assumption of a constant shape of BSA monomers prior to the melting point. In the protein transition range (i.e. in the vicinity of the melting point) higher order aggregates appear and proteins exhibit an aggregation burst, as seen in the P(r) trends and Guinier plots. From the R g analysis (Fig. 2 and Fig. S6 and S7, ESI †) it can be seen that the melting temperature shifts to higher values upon (i) the increase of protein concentration, (ii) the increase of pH and (iii) the decrease of ionic strength. The observed shift of the melting temperature to higher values with the increase of electrostatic repulsion (i.e. with increase of pH or concentration) is in agreement with the data obtained using differential scanning calorimetry, 68 Both curves exhibit a negative slope, corresponding to endothermic reaction. The dependence of ln K a on 1/T for pH 9 is close to linear, which implies an almost constant entropy in the selected temperature range. In contrast to that, the van't Hoff plot for pH 7.4 is significantly non-linear, suggesting a change in the system entropy upon heating. A lower tendency towards dimerization at pH 7.4 can be explained by a lower value of electrostatic repulsion between BSA molecules. By fitting the linear parts of the plots, we obtained the dimer formation enthalpies of 32 and 76 kJ mol
, respectively. Of note, the melting enthalpy for BSA at pH 7.4 and 9 as measured via differential scanning calorimetry is significantly higher, namely, ca. 320 and 400 kJ mol À1 , respectively.
68
As dimer formation results in a decrease of the accessible protein surface, the number of water molecules in the hydration shell of BSA per monomer becomes lower at higher temperatures: e.g., ref. 39 reported 3500 vs. 6000 water molecules in the first hydration layer of albumin, respectively. This trend is in accordance with the results of ref. 69 , where a decrease in HSA hydration was observed upon heating the protein solution up to 50 1C. It is known from the SANS measurements that the water molecules in the first hydration shell are densely packed compared to bulk solution, 9 and B98% orientation of water molecules of the first layer was demonstrated for HSA, 70 thus providing a significant contribution to the entropy of the system, which could lead to non-linearity of the van't Hoff plot. 67 However, separating the role of solvent molecules in BSA aggregation propensity from the other interactions in the system requires further investigation. Interestingly, as reported by Vogtt et al., 71 where temperatureinduced aggregation of b-lactoglobulin was studied, the initial state of the protein was dimeric, and an increase in temperature led to dimer dissociation. For this system, thermodynamic studies also demonstrated non-linear van't Hoff plots for the dimerization constant, but, in contrast to BSA, with a positive slope. 67 This was interpreted by the change of heat capacity and the dominant role of burial of the hydrophobic surfaces upon dimer formation. From this perspective, it could be speculated that BSA conformational changes in the 25-55 1C range do not result in a significant change of the overall protein hydrophobicity.
To further investigate processes accompanying BSA intermolecular interactions at elevated temperatures, we performed the global fitting of SAXS curves with the two-Yukawa model, which revealed the following trends. First, the attractive potential depth J decreased with protein concentration (Table 1, Tables S3  and S4 , ESI †). The ratio of attractive to repulsive potential at contact, U a /U c , decreases following the series A 4 B 4 C, in line with the P(r) analysis. Most importantly, it can be observed that the U a /U c value increases with temperature ( Fig. 6A ), which correlates with the formation of aggregates, as seen in the P(r) and in the Guinier plot analysis (Fig. 5) . Fig. 6C demonstrates a change of the interaction potential with temperature: upon temperature increase, the aggregation barrier is lowered and a significant enhancement of attraction forces at short distances is observed. Since the short-range attractive potential is due to a combination of van der Waals, hydrophobic and non-specific interaction forces between protein molecules, it is impossible to understand which interaction is responsible for the observed increase of J with temperature. Temperature-induced conformational changes could lead to alterations in the dipole moment of proteins, as well as to the exposure of hydrophobic segments, both leading to an increase of attraction. However, these considerations cannot be regarded as a general case: for instance, Schroer et al. 72 observed a decrease of J with temperature for lysozyme solutions in the 5-25 1C range. We did not find any signs of the molten globule state or any other conformational changes of the monomers below the protein melting point. This means that the decrease of MDR at low temperatures may be mainly due to the increase of the kinetic energy of molecules and not the increase of J. As is known, it is necessary to carry out SEC and SAXS experiments at the same time to make precise estimation of the relation between electrostatic attractive force and MDR, since the attractive interaction and presence of dimers in the solution change the scattering curve in the same way. However, on the basis of our qualitative analysis it is possible to confirm that the protein-protein electrostatic interactions of BSA play a predominant role in thermal-induced oligomer formation at physiological concentrations of the proteins (B10-40 mg mL
À1
).
